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Mixed films of TiO2–SiO2 deposited
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We used double electron-beam coevaporation to fabricate TiO2–SiO2 mixed films. The deposition
process included oxygen partial pressure, substrate temperature, and deposition rate, all of which were
real-time computer controlled. The optical properties of the mixed films varied from pure SiO2 to pure
TiO2 as the composition of the films varied accordingly. X-ray diffraction showed that the mixed films
all have amorphous structure with a SiO2 content of as low as 11%. Atomic force microscopy showed
that the mixed film has a smoother surface than pure TiO2 film because of its amorphous structure.
Linear and Bruggeman’s effective medium approximation models fit the experimental data better
than other models.
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The adjustable refractive index ofmixed films simpli-
fies the optical thin-film design. Mixed film tech-
niques have been used in many areas of optical
thin-film application such as integrated optical wave-
guides,1,2 rugate filters,3–5 antireflection and notch
filters.6,7
The properties of mixed films such as structure,
refractive index, and composition depend on the
deposition process and the material. There have
been reports on the double electron-beam coevapora-
tion of mixed films of ZrO2–MgO,8 ZrO2–SiO2,8 ZrO2–
MgF2,7 ZrO2–Ta2O5,9 and Ta2O5–TiO2.9 The refrac-
tive-index ranges for these films are approximately
2.05–1.7 for ZrO2–MgO, 2.05–1.45 for ZrO2–SiO2,
2.05–1.36 for ZrO2–MgF2, 2.05–2.1 for ZrO2–Ta2O5,
and 2.1–2.55 for Ta2O5–TiO2. In Ref. 8 it was
reported that the structures of ZrO2–SiO2 and ZrO2–
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composition of MgO was less than 41%.
TiO2–SiO2 mixed films are expected to have a
wider range of refractive index: approximately
2.55–1.45 in the visible and near-IR ranges. There
have been reports on electron-beam-resistance heat-
ing coevaporation10 and double ion-beam cosput-
ter7,11 of TiO2–SiO2 mixed films, but the structures of
the films were not given. We previously reported
the properties of TiO2–SiO2 mixed films prepared by
the fast alternating sputter method,12 in which the
structure of the mixed films was amorphous in a
wide composition range. The amorphous structure
of mixed films is important in reducing the scatter-
ing loss of optical thin film. This motivated us to
investigate further the properties of TiO2–SiO2mixed
films deposited by use of the electron-beam method,
which is more conventional and easier to implement
for mass production.
In this paper we report our results on the proper-
ties of TiO2–SiO2 mixed films prepared by double
electron-beam coevaporation. The deposition pro-
cess, structure, composition, optical properties, and
surfacemorphology of the films are given. Theoreti-
cal models for the refractive index of mixed films
were analyzed. An example of antireflection coat-
ing on a silicon wafer by mixed films is also given.
2. Deposition Process
The coating chamber used in this experiment was a
Balzers BAP800 box coater. Figure 1 shows the
configuration of the coating chamber. There were
two 15-kW electron-beam guns located at opposite
sides in the chamber, and a shield plate was placed
between the guns to avoid cross contamination. A
quartz crystal monitor was used to monitor the
evaporation rate of the gun, a separate one for each
gun. The evaporation rate of each gun was con-
trolled by a computer through the feedback signal
from the quartz crystal monitor. Oxygen was fed
into the chamber during the deposition process.
The flow rate of the oxygen was also controlled by a
computer through a regulated valve to maintain the
oxygen partial pressure at a fixed value. The sub-
strates were rotated on the rotary dome and were
heated during deposition. The substrate tempera-
ture was also computer controlled by a thermocouple
to maintain the temperature at a fixed value during
deposition.
The substrates that we used in the experiments
were 24-mm-diameter and 1-mm-thick Corning 0211
alkali-borosilicate glass. The substrates were sub-
jected to a 3:7 alcohol:ethyl ether solution for degreas-
ing, and Balzers BD481901 isopropanol-based deter-
gent for cleaning.
In order to control the ratio of TiO2 and SiO2 in the
mixed film, first, pure TiO2 films were deposited from
one gun and the quartz crystal monitor for this gun
was calibrated for TiO2 deposition rate by measuring
the thickness and the refractive index of the films
from the transmission spectrum of the film. The
same procedure was followed for pure SiO2 film
deposited from the other gun and monitored by its
crystal monitor. Then the computer controlled the
power to each gun to maintain the deposition rate
reading of the crystal monitors at preset relative
values thatwere determined according to the require-
ment of the TiO2–SiO2 ratio for the film.
The baseline vacuum level was 2.5 3 1025 mbar.
The substrate temperature was 250 °C. The evapo-
ration sources were 99.5% pure TiO2 tablets in one
gun and 99.98% pure SiO2 particles in the other gun.
Soaking processes were performed before evapora-
tion to obtain molten sources.
Fig. 1. Configuration of the Balzers BAP800 coating chamber.Four different ratios of the mixed film were made
as shown in Table 1. We observed that the absorp-
tion of pure TiO2 films varied with the deposition
rate for a given oxygen partial pressure, which, in
general, resulted in higher absorption for a higher
rate. Therefore, different oxygen partial pressures
had to be maintained for deposition films of different
ratios. The oxygen partial pressures for deposition
of the films listed in Table 1 were 1.6 3 1024, 2.0 3
1024, 2.4 3 1024, and 4 3 1024 mbar in order of
increasing TiO2 ratio. At these oxygen partial pres-
sures, the pure TiO2 films deposited at their respec-
tive rates were transparent.
3. Results and Discussions
A. Composition
We used Rutherford backscatter spectroscopy 1RBS2
to analyze the composition of mixed films to avoid
the charge accumulation problem that is often en-
countered with electronic-type composition analysis
tools for dielectric films.13 Samples were analyzed
by using a 2-MeV 4He1 beam with 100-nA current.
The monoenergetic 4He1 ion beam was collimated to
a size of approximately 1 mm in diameter and hit the
target in a direction normal to the target surface.
A surface barrier detector was used to detect the
scattered particles at a scattering angle of 165°.
The ideal energy spectrum n1E2 of the detected
particle is given by n1E2dE5 IQS1E12C1x2dx, where I is
the total number of particles incident on the target,
Q is the solid angle spanned by the detector, S1E12 is
the Rutherford cross section, and C1x2 is the target
atomic concentration at depth x.
If we assume that TiO2:SiO2 5 L:M, then Ti:Si:O5
L:M:21L 1 M2. The software program RUMP14 was
used to analyze the RBS backscatter energy spec-
trum to determine the best 1L,M2 values that fit the
data. Figures 21a2–21d2 show the RBS backscatter
energy spectrum for four mixed films. The second
row in Table 1 shows the mole composition ratio of
the corresponding films of Fig. 2.
B. Structure
Glazing angle x-ray diffraction and atomic force
microscopy 1AFM2were used to investigate the struc-
ture and surface morphology of the mixed films.
Figure 3 shows a typical x-ray diffraction result of
themixed films of Table 1; all the films have a similar
structureless x-ray diffraction pattern. The struc-
tures of the mixed films were all amorphous.
According to Ref. 8, ZrO2–SiO2 mixed films started to
show a polycrystalline structure when the SiO2
content was 17%, and ZrO2–MgOmixed films started
to show a polycrystalline structure when the MgO
Table 1. Mole Fraction and Volume Fraction for the Mixed Films
TiO2:SiO2 Sample 1a2 1b2 1c2 1d2
Mole fraction 1RBS2 36:64 59:41 74:26 89:11
Volume fraction 30:70 52:48 68:32 86:141 January 1996 @ Vol. 35, No. 1 @ APPLIED OPTICS 91
Fig. 2. RBS backscatter energy spectrum for four mixed films with TiO2:SiO2 mole fractions of 1a2 36:64, 1b2 59:41, 1c2 74:26, 1d2 89:11.composition was 41%. But both Fig. 3 and Table 1
show that the structure of TiO2–SiO2 mixed films
prepared by double electron-beam coevaporation is
amorphous for a SiO2 content of as low as 11%. The
amorphous structure was obtained previously for
TiO2–SiO2mixed films prepared by a fast alternating
sputter method.12 The energy of the atoms that
impact the substrate during the deposition process is
at least ten times different between electron-beam
evaporation and the sputtering process. In both
processes, the substrates were heated to 250 and
85 °C, respectively, which favored the formation of a
polycrystalline structure, and yet both results showed
Fig. 3. Typical structureless x-ray diffraction results of the
mixed films of Table 1.92 APPLIED OPTICS @ Vol. 35, No. 1 @ 1 January 1996an amorphous structure for the mixed films. Based
on these results, one can observe that TiO2–SiO2
mixed films have a strong tendency to form an amor-
phous structure, and this property seemed to be rela-
tively independent of the deposition method used.
Figures 41a2 and 41b2 show the AFM pictures of
a pure TiO2 film surface with 1 µm 3 1 µm and
10 µm 3 10 µm scanning areas, respectively. The
center portion of Fig. 41b2 reveals a cross-sectional
view of the film from a crack. A square shape
columnar polycrystal structure of pure TiO2 film can
easily be seen from these pictures. Figure 41c2 shows
the AFM picture of the mixed film with a 1 µm 3 1
µm scanning area. Its structureless surface, in
contrast with that of pure TiO2 film, is consistent
with the amorphous structure found from x-ray
diffraction. AFM software calculation for the sur-
face roughness of these two samples shows that the
surface roughnesses were 2.76 nm formixed film and
4.97 nm for pure TiO2 film, respectively. The
smoother surface of the mixed film is consistent with
the x-ray diffraction and AFM observation of the
amorphous structure.
In this experiment and the experiment in Ref. 12,
it was technically difficult to maintain a stable low
1a2
1b2
1c2
Fig. 4. AFM pictures of a pure TiO2 film surface with 1a2 1 µm 3 1
µm and 1b2 10 µm 3 10 µm scanning areas andmixed filmwith 1c2 a
1 µm 3 1 µm scanning area.SiO2 deposition rate in order to produce mixed films
with lower SiO2 composition. It would be useful to
obtain information about what is the lowest SiO2
composition in mixed films for the formation of an
amorphous structure. This information would be
useful for two reasons: First, it would be helpful in
producing a gradient-index film and a rugate filter.
Second, if only a small amount of SiO2 were needed
in TiO2 film to change the structure of the film from
polycrystalline to amorphous while a high refractive
index of the film is still maintained, then the polycrys-
talline TiO2 film in a conventional multilayer design
could be replaced by the mixed film in an amorphous
structure with a small SiO2 content for applications
in which low optical scattering is required. If this
were so, we would expect that the scattering loss of a
conventional TiO2–SiO2 quarter-wave multilayer di-
electric laser mirror could be further reduced, in
addition to the reduction one can achieve by using
the optimum pair multilayer design,15,16 by replacing
the TiO2 film with a mixed film of small SiO2 content
in the optimum pair multilayer design.
C. Optical Properties
Figures 5 and 6 show the transmission spectra of the
mixed films listed in Table 1. Figure 7 shows the
refractive-index dispersion curves for the mixed
films that were calculated from Figs. 5 and 6 by
using the method outlined in Ref. 17. With this
method, refractive indices at various wavelengths
are first obtained from the minimum and maximum
values of the transmission spectrum. The thick-
ness and transmission spectrum fringe order num-
ber are then obtained from the refractive indices and
wavelength. When we round off the fringe number
to the nearest integer and iterate the calculation one
more time, the final refractive index and thickness
can be obtained for each wavelength. The thick-
Fig. 5. Transmission spectra of the mixed films and a bare
substrate. The ratios are the TiO2:SiO2 mole fractions.1 January 1996 @ Vol. 35, No. 1 @ APPLIED OPTICS 93
nesses so obtained for each wavelength were very
close, to within a few nanometers. An average
value was taken as the thickness of the film. These
average values from calculation are compared with
the thicknesses measured with an a-step surface
profiler as listed in Table 2. The dispersion curves
in Fig. 7 were obtained by fitting the experimental
data to the second-order Cauchy formula:
n1l2 5 A 1
B
l2
1
C
l4
.
The coefficients of the Cauchy formula for each
sample are listed in Table 3.
Figure 7 shows that the refractive index of the
mixed films changes from pure SiO2 to pure TiO2 as
the TiO2 content in themixed films increases. TiO2-
Fig. 7. Refractive index versus wavelength for the mixed films.
The ratios are the TiO2:SiO2 mole fractions.
Fig. 6. Transmission spectra of the mixed films and a bare
substrate. The ratios are the TiO2:SiO2 mole fractions.94 APPLIED OPTICS @ Vol. 35, No. 1 @ 1 January 1996rich films showed higher dispersion than the SiO2-
rich films, which is consistent with the fact that pure
TiO2 is more dispersive than pure SiO2 film in the
visible wavelength range. In comparison with the
results outlined in Ref. 12, the refractive index of the
mixed films prepared by double electron-beam co-
evaporation is lower than that for films prepared by
fast alternating sputter, although the pure TiO2
films prepared by both methods have approximately
the same refractive index. In both methods, sub-
strate temperature, oxygen partial pressure, etc.
were optimized for TiO2 deposition in order to obtain
the highest index possible for TiO2 film. Therefore,
the refractive index for TiO2 film prepared by both
methods was approximately the same. Deposited
under conditions that were optimized for TiO2, the
SiO2 film had a lower refractive index when prepared
by evaporation than by sputter. Therefore, the
refractive index of mixed films prepared by coevapo-
ration was lower than that for films prepared by fast
alternating sputter because of the lower index of
SiO2 in the mixed films.
D. Theoretical Refractive-Index Model for Mixed Films
There are established models for the refractive index
of mixed films. Thorough reviews of these models
have been given in Refs. 18–21. We chose the
following five representative models to fit our experi-
mental data, the formulas of which are as follows:
Drude model
n2 5 f1n12 1 f2n22, 112
linear model
n 5 f1n1 1 f2n2, 122
Bruggeman effective medium approximation 1EMA2
Table 2. Comparison of Calculated and Measured Film Thicknesses
TiO2:SiO2
Mole Fraction 100:0 89:11 74:26 59:41 36:64 0:100
Calculated
thickness 1nm2
456 456 464 530 669 1349
Measured
thickness 1nm2
455 458 465 527 673 1354
Table 3. Coefficients of the Cauchy Dispersion Formula of Four
Mixed Films and Two Pure Films
TiO2:SiO2
Mole Fraction 100:0 89:11 74:26 59:41 36:64 0:100
A 2.2364 2.0295 1.9614 1.7997 1.6035 1.4669
B 1µm22 0.00271 0.0084 0.0140 0.0112 0.0307 20.0099
C 1µm42 0.0056 0.0051 0.0030 0.0018 20.0018 0.0023
model
f1
n12 2 n2
n12 1 2n2
1 f2
n22 2 n2
n22 1 2n2
5 0, 132
Lorentz–Lorenz model
n2 2 1
n2 1 2
5 f1
n12 2 1
n12 1 2
1 f2
n22 2 1
n22 1 2
, 142
maximum screening model
n2 5 1
f1
n12
1
f2
n222
21
. 152
In Eqs. 112–152, n is the refractive index of the mixed
film, n1 is that of the SiO2 phase in the mixed film, n2
is that of the TiO2 phase in the mixed film, f1 and f2
are the volume fraction of SiO2 and TiO2 phases in
the mixed film, respectively. Despite the composi-
tion and structure of the mixed films, Eqs. 112 and 152
give the upper and lower bounds for which no
screening and maximum screening were consid-
ered.20,21 We converted the mole fraction of the
mixed films obtained from RBS into volume fraction
by assuming that the volume of the formula unit of
TiO2 in the mixed film is the same as that in the
anatase phase, which is the crystalline phase of the
100% TiO2 film deposited under our conditions.
The volume of the formula unit of SiO2 in the mixed
film is assumed to be the same as that in fused silica.
Themass density of anatase TiO2, 3.893 g@cm3,22 and
the mass density of fused silica, 2.202 g@cm3,23 were
used for the conversion. The volume fractions of
themixed films are shown in the third row of Table 1.
We used a least-squares fit to fit various models to
the experimental data:
DQ 5 o
all sample
1nexp 2 nmodel22.
In this equation nexp is the experimentally obtained
refractive index of the mixed film from Fig. 7 and
nmodel is the refractive index of the mixed film calcu-
lated from the models of Eqs. 112–152. The fittings
were done for the refractive index at 550-nm wave-
length.
The structures of the mixed films in our case were
all amorphous. We expect that the refractive index
of the SiO2 phase in the mixed film equals that of
100% SiO2 pure film, which also has an amorphous
structure. Because the refractive index of the amor-
phous phase is generally lower than that of the
crystalline phase, we would expect the refractive
index of the amorphous TiO2 phase in the mixed film
to be lower than that of the 100% TiO2 pure film,
which has the structure of anatase polycrystalline.
Therefore, in the least-squares fit process, we let n1
equal 1.46 for all the models, which is the refractive
index of 100% SiO2 pure film at 550-nm wavelength
obtained from Fig. 7. We let n2 be an adjustableparameter in the fitting. The least-squares fit pro-
cess was used to determine an n2 that would mini-
mize DQ for each model. The criteria for a good
model are that DQ be the smallest among all the
models and n2 for that model should be smaller than
2.39, which is, from Fig. 7, the refractive index at
550-nm wavelength of 100% TiO2 anatase polycrys-
talline film.
Table 4 shows the results of the least-squares fit.
All the n2 are located at a global minimum. The
linear model and the Bruggeman EMA model have
the smallest DQ, and the refractive indices n2 of the
amorphous TiO2 phase in the mixed film for these
two models are lower than that for the polycrystal-
line anatase TiO2 phase, which satisfies the criteria
for a goodmodel as defined above. There is no physical
basis for the linear model except for its mathematical
simplicity. However, the Bruggeman EMAmodel sug-
gests that the amorphous TiO2 and SiO2 phases were
embedded in a host medium of the effective medium
itself and were mixed in the film on a random basis.
The microstructure of the phases was spherical as
suggested implicitly by the Bruggeman EMA model.21
When this is the case, the size of the spherical particle
must be less than approximately 2.5 nm, which was the
AFM resolution power for the picture in Fig. 41c2.
Therefore, the large boundary area-to-volume ratio
of the TiO2 and SiO2 particles would play a dominant
role in preventing the formation of an ordered TiO2
phase. In other words, the stable configuration of
the TiO2 phase is determined not only by the intrin-
sic material properties of TiO2 but the surrounding
medium also plays a dominant role.
E. Example of Application
For a given substrate with refractive index ns, the
ideal single-layer antireflection coating for this sub-
strate must have a refractive index of ˛1ns 3 n02,
where n0 is the refractive index of air. It is often
difficult to find a material with an exact refractive-
index value. Mixed film can serve this purpose
easily.
We have coated a single layer of mixed film with a
composition of TiO2:SiO2 5 59:41 onto a silicon wafer
substrate by using double electron-beam coevapora-
tion. Figure 8 shows the reflection spectra of a
silicon wafer substrate with and without this single-
layer antireflection coating. At the selected wave-
lengths, the reflectance reduced from between 30%
and 40% to nearly 0%.
Table 4. Results of Least-Squares Fit for Each Modela
Model DQ1310232 n2
Drude 4.12 2.21
Linear 2.93 2.26
EMA 2.98 2.27
Lorentz–Lorenz 6.97 2.35
Maximum screening 21.75 2.47
an2 is the refractive index of the amorphous TiO2 phase in the
mixed film.1 January 1996 @ Vol. 35, No. 1 @ APPLIED OPTICS 95
4. Conclusion
We have shown that the TiO2–SiO2 mixed films
prepared by double electron-beam coevaporation have
a large range of refractive-index adjustment. The
structure of the mixed films is amorphous for a SiO2
content of as low as 11%. The amorphous structure
gives a smoother surface for the mixed films. The
optical properties of the mixed films change from
pure TiO2 to pure SiO2 as the content of SiO2
increases. The mixed films have lower dispersion
than pure TiO2 film. Our results are consistent
qualitatively with the results of Ref. 12, suggesting
that the properties of TiO2–SiO2 mixed films are not
strongly dependent on the deposition method. The
linear and Bruggeman effective medium approxima-
tion models fit the experimental data better than
other models for amorphous TiO2–SiO2 mixed films.
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